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Abstract

WTe preseut  a dataset  of grouud-based full-disk images of Jupiter from 1.58 to 5.30 IIU1 with
the utility of an imagiug  spectrometer with l“xl  0 xmolut  ioxi. The spectral coverage is seusitive
to the vertical cloud structure fronl  wI() I[lt)ar  to ~ 5 bar. Tile Ilortllerll  Equatorial Zoue aud
southerll hTorth Equatorial Belt have txxu mauliued  iu detail to ~)rovide grouud-truth corttext
for the Galileo probe data. A modified version of the single-scat teriug CIOUC1  illversiou  technique
developed by Banfkld  et al. (1996) has km a~)~died to t}le data to create three-dimensional
maps of the vertical cloud structure throughout this region. \t’e Iuake no assufuptious  about
tlw iuitial  vertical cloud structure iu tl[is retrieval.

W7e detect three distillct  cloud layers iu the UIPCI at[msphme:  a thiu stratosp}wric  haze
located ~ 20 mbar;  a relatively hoItlo.geueous  upper tropospht?ric cloud t)ased bet UYXYI w350-460
mhar;  aud a highly variable lower tropos~jheric  cloud layer whose to}) has beeu detected bct~vecu
1.5 aud 3.0 har ill various locatiorls.  The o~)tical depths of t hew clouds are ~ 0.01, 4).5, aud
~ 2.0, respectively, at 2 pru.

l’he upper tropospheric layer chauges sli.glitly  cmr 5-pul }Iot spots relative to their surmuud-
itlg rcgiolls.  The ckwation of the cloud base hcreascs sb+tls  over ]Iot spots  (4 r’ w20 I[lt)ar)  t
and there is a decrease i[l o~)acity of NIO% at 2pI11.  If the uj)per troposI)lleric  C1OUC1 is t}lc main
ammouia cloud at the coudeIRatioIl  level, the amruotlia mixiug ratio is oIIly a fmv ~mceut  of
solar iu tl!e up~m atmos~Jlere  (1} < 1 bar) throug]lout  tile equatorial region.



1 Introduction

The Joviau  cloud structure is iutimakly  rclatecl  to the cnm]msiticm  of the atmos~)herc  aud is the
primary tracer for the clyllamics  of tllc u~)~)cr atmospllcrc.  The  study of tllcsc clouds is, tllcmfore,
one course iu the pumuit  of these fuuclamcntal qumtions  a b o u t  JuIjiter. ‘IIN cauonical  Jovian
three-cloud structure was based on chemical cquilibriutn  theory of clouci  condcnsatim  levels with
mar-solar abundances of the major atmospheric cmstituents  (JVciclcllscllillilLg  aud IJcxvis  1973).
hfuch of the subsequent study of Jovian  clouds has used some of the ~)reclictions  of tllis theory as
a priori  values (see Ragent  et al. 1997, for an summary of cloud stuclies to date aucl  West d al.
1986, for an extensive synthesis of Joviau CIOUCI data tc) that date).

On Dcxmubcr 7, 1995, the Galileo probe conducted the first in situ measuremcmts c)f the Jovian
atmosphere, entering a region of the plauet  kuowll as a 5-I~m hot sl)ot (orton  d al. 1996), a region
ckfiuecl  I)y decreased cloud o~)acit.y  resultiug  iu iucreased thermal radial~cc fml~l dcw~) witllill tile
~)lauet  aud reducec]  reflectivity in tile visi}dc. Tile data from the probe ~)rovccl surprising: strong
dcp]etion  iu volatikx  r e l a t i v e  to solar ahuudances  (Neimanu  cl al. 1996) and a  siuglc,  teuuous
cloud at 1.34 bar (Rageut  et cd. 1997). ~’l[cm  results have lecl tc) a rellewwcl effort to characterize
the cloud structure of $pm hot spots aud its rc]aticmship to the rest of the ~)lanct.  Grou]]cl-based
data are well suited  for this stucly,  whcm thcm  is cxteusive coverage  c)f tllc ~JlaI1ct in time, and a
I]cmssary su~)~)lcm]cmt  to t}le  Galileo missioll  witl~ its rcclucwcl data rate.  We Iwcsent atl aualysis  of
the data with as few initial assumptions as possible, to minimize tlm cluesticms  of uuiqucmss.

Wc presmlt our datasci  ill sc:cticnl  2. 1]) section 3, we ex~)laill  the siuglc scatteritlg  inversion
aualysis.  We iuterprct  the retricvccl  cloud ])rofilm  and examine the qucstioll of ulliqucnlcss in
section 4. The  direct resu[ts froni  this aualysis is presented ill section 5. q’hc o~)acitim of the
cloud levels  arc calculated usi)lg nmltiplr  scattcrill.g  ill scctioll  6. WCI discuss tile inll)lications of
our results in section 7.

2 The Dataset

?llIC clata in this study consist of images  colkxtecl  at tlm NASA IIlfrarecl TelescoIm Facility (IIHIF),
011 Mau]la Kca, Hawaii, on May 20, 1995,  aud A~)ril  25, 1996,  usiug tile facility llcar-infrarecl  calncra,
~lS~{;Ah~, ~,;t~l  its -] -5% Circu]ar varia]~l~  filt,~~ (C~~~) frc)lll  ] . 5 8  to 5.30 j~lll. q’a~)]c’  I ~)reserlts

our data coverage. !l’hc full disk images were ex~)osed  ill quick successicm, l)uildiug a ciatasct iu
the mauuer  of au imagillg  spectrolneter. The ])late  scale is 0.3015 arcsccc)llcls  ~mr })ixcl, resultiug
ill a lnaxiuuun  Jovia~l rmolution  c)f just u[ldcr cmc dcgrcw pm pixel. ‘Mc data reductio~l  process
v.~as staudard:  sky subtraction, flat ficldiugl illter[)olation over had pixels  (b rejection threshold),
allcl calit)ratioll,  fcdlowed t)y cylindrical ma]) projcctioli  iu System 111 longitude ant] planet  ocmtric
latitude.

The  in)ages  taken cm M a y  2 0 ,  1995,  wcn-e I)llotc))ilf’trically  calilmatcd agaiust a I,ihra  (A <
4.oplll) atlcl  & Dot) (A > 4/1111)  at cxactl.y  the satnc airmass  ( 1 . 3 ) . The sming was trotter thall
C)IIC arcsecc)lld. ‘1’llc April 25, 1996, ilnagcs  wcm calibrat  cd I)y a least scluarcs fit of t hc cmtral
meridian to the hfay 20, 1995 dataset  and a set c)f IXSFCAhl (WF images  from June 28, 1996,
which was l)hotomc!trically  calibrated against q Sagittarii  (IIS i’120).  Finally, the mar-infrared
(NIR) wavelengths (A < 4. OJLul)  were couvcrtccI  to reflcctivit..y  ul,its, I/F. Tl)c error bars vary with
wavelcl@h  from 5 to 40% (refer to Fig. 1); a I,ibra  aud a 1]00’s dJSO]UtC  flUXf.?S were assumed
tc) have an error of 5?Z0. The wavelengths with larger error t)ars (2.27, 3.80,  3.986, 4.55, 5.30 Ilrn)
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are primarily due to observational misc. For tho ]mrposes of this analysis, the maps have been
linearly interpolated to a resolutiolI of l“xlo  ])er ])ixel. For comparisol~,  the Galileo Near Infrared
Mapping Srxwtrometer  (NIMS) has a ty~)ical s~)atial  resolution of about 0.3°x0.30, and the Solid
State imaging (SS1) system has an average s~)atial  resolution of al)out 0.03°x0.030. As the data
were obtained in a short time interval (< 20 minutes), the lllal)s  were not shifted to amount  for
zonal winds because their effects are less than our hinlled resolution.

!l’hc wavc]engths have been chosen to cover the H (fron) 1.58-1.85 ILnl),  K (from 2.0-2.27 pm)
and 5 pm atmospheric windows. In the Jovian atmosphere, these NII{ wavelengths arc sensitive
from ~10  mbar  with 2.27 pm to P > 1 bar with  1.58 ~Lnl w]licll  has almost IN) gaseous ol)acity.
For a visual representation of the cxtinctioll  pressure levels ill this wavckmgth range,  refer to Fig.
8 in !daines et al. (1993). q’he radiation at 5 pm Iuay originate from as deep as 5 to 6 I)ars i!l
regions of extremely low atnms~)lleric  o~)acity.  With  this vertical resolution, wc may directly study
the st rat,osphcric haze and the predicted tropospheric amnmnia  cloud, covering t hc region above
atld overlapping with tile Galileo ~mhc  data. Ilotll c)f tliesc datascts  also itlcludc tlie same hot,
spot feature tracked over tinw atd the 19!35 data also contain the Galileo prolw entry  site (PKS)
hot  sl)ot (see Ortiz  ct al., ] 997, fO1 a full  discussion of t]le Io!lg-lived  Hat ur e of $pm hot spots
atd Orton  CL al., 1997t), for tl]e long-term lllorl)Ilology  of t,tlc l’ES liot spot). With  tlicse data, we
have the at)ility  to estimate how otmcrvcd Illorl)ho]ogical  chatigcs  may he related to cllangcs  in tile
vertical cloud structure.

Figure  1 com])ares  a single pixel of our data to the NIMS G] rr,al-time s])ectra (Irwin et al.
] 997),  We  display  t]lc  NIMS  Spectrutll  Wit,li tile higllmt  5-//IIl  raclianm (ollt of 4 total  slmctra)  a n d
the I)riglltest  pixel  at 4.85 pm within  the I’ES hot s~mt in our own data. Our gmllld-l)ascd  data
arc very consistent in the NIR am] diverge at 5 ~~nl hccausc the hTIMS data are from a region of
weaker 5 ILnl  emission, which we do not consider a stalldard  liot sl)ot. Based 011 an extensive 5-/1111
datasct  (SCC Ortiz  et al. 1997), wc t<vpically  dcfil]e  a not s~)ot  as a region with peak radiance greater
t}ian (). ]8 M~/~t~2/stcracl/~~~11 at 4.8 liln, wllicll  has a]] cquivalcllt  I)ri.glltness  tellllmrature  of 240 K.

Hot s~)ots  arc often associated with features called  ~)lunles,  wllicll  are highly reflective ill the
Visi])le  a~jd NIR. Although t}lere  have l)c~t~ IIC) “active” l)lllmcs in t}lc  first l)art  of tlw Galileo orbital
tour, as were seen Iy the Voyager missions, three arc usually distinct clouds features following each
ILot s]mt.  A I)lUUIC  slmctrunl  is SIIOWII  ill F ig . 1 for colll~)arisoll;  tlm diffcrcnlc.cx+ t)ctweml tile two
features are IUUC1]  n}ore  sut)tle ill tllc NII{ than itl tile thcrlnal  rcgitnc  (A > 4.011111).

3 Single Scattering CloLld Inversion: Analysis

IIi ])ursuit of a vertical cloud stracturc  with nliuilnal initial assuul])tio~ls, wc e~tl~)loyed  a sixlglc-
scattcritlg  cloud illvcrsiotl  technique  clcvclo~ml  Iy ]Iaufield  ct al. (1996). Tllcir  ~)alwr contailis a full
derivation of the retrieval algorithm. We lLave modified t lmir nwthod  to accoul~imdatc  t }w discmt e
wavclcvlgtlw  ill our datasct  and illcorl)oratcd I)cw methane c.orrclated-k  coefficients calculated l)y
S t rong  ct at. (]993) and Irwitl  ci al. (1996).  The retrieval llwthod uses the vertical weighting
fuuction  for each wavelength together with tllc otmrved  reflcctivit ics to solv(’  for a vertical l)rofilc
of scat t mm dmsity,  tile varial)lc  j iu Ilanfield ct al.’s ~lotation. The algorithm ret urns a smoothed
vertical profile and, while it is not unique, it allows us to ~mlm tllc differences Iwtwmi lmt s~)ots
and surrounding regions to provide a co~ltcxt for the Galileo prolw data.

The result, f, is ill units of bar- 1. When integrated over altitude, f f dz may be interl)retcd  as
a  measure  c)f o~jtical  de])th, what Ilanficld ct al, refer to  as  the “scatterill~ o~)tical  dc])tll.” O u r
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application of the algorithm precludes tlm usc of this value as al] absolute o]]t,ical dq)th,  as we
apply  it over large regions of the plauct,  including tile liml)  wl]ere tile olmrved  reflectivity is very
low. This results in systcmaticxd]y smal]cr absolute values  of j. Wc may, however, use this value as
a measure of relative opacity between nearby regions at~d cloud Iaycrs. Tl}crcfore,  fortllc~)urposes
of this work, we apply rll[llti~jlcscattcri]lg  radiative tra]jsfcr  models to calculate C1OUCI o])acity.

Because tile retrieval assumes single scattering, only wavelengtlis wit]]  I/F < 0.1 could be
empbyecl.  The validity of using single-scatterillg calculations within  this restriction is addressed
ill Baufield et al. (1997a). WC focused 0]1 a narrow raugc of wavelengths frolu 1.75 to 2.27 pIIl,
often excluding 1.85 pm lmause  of hi.gll  reflectivity values. !l’lmefore, we ~mforlll the inversion
with 8 or 9 wavelengths WIIOSC  weighting functiol)s arc shown iu Fig. 2A for near-nadir viewiug.
Atmosldleric  H2- H2, 112-He, ancl  C114 o])acities  were included (Birnhaum  et al. 1996).  A m m o n i a
opacity was ignored; it is not a strong  influmlcc  aIMoIlg  our chosen wavelengths. The data arouud
5 pm were used to identify the location of IIot sImts in tile data, hut could not used ill the C1O U C1
ilivcrsioll  analysis. TILese data will be included ill future lllulti~)le  scattering analyses of the cloud
struclurc.

Fortllc] )~lrl~osesc  )ftllisa  llalysis,w  c!foc~lso  lltllcr c!gic)lla  ro~llld60Nf rc)l~ll  iltll)toli1~~l).  F’o reach
1°x10 ~)ixcl, wc ]mform the cloud Iwofile rctrieva],  buildings tl]ree-cli[llerlsiollal  ma~) of scatterer
density  in t}le upper atmosl)herc.  Usiug the reflectivity value, error bar, ~] (cosillc of the elnission
augle),  aud p. (cosine of the solar imidcmcca@e)  for each wavelength at each point,, the weighting
functions are calculated on the basis of the atnmsphmic  opacity and viewin~ gcomct,ry. Model
slmctra  arc calculated from the retrieved cloud structure, I)roviding  a measure of its accuracy.

FoIillllstrati\  ~el Jllr])oses, wel)resellta  llcxal[l])le(  lollclre  trievalc)  llasitlglc])ixel.  Thespectrum
SINWH ill Fig. 21\ is frolll a  hot  spot  olmrvcd on L4ay 20, 1995, with (II) -0.95 and (I1o) N 0.96.
‘I’llis  ])articularhc)t  s~)ot llltiltlatcly  c~volvccl  it~tc)tllcllot  spot at the I) FX7 mouths later. Note that
some of the error  bars are smaller than the S<ymlml size itl the figure. !llhcsI)ectrum  is from the
~Jixcl  witl) t}lc lligllcst  4.85-~/111  mnissioll within  that  ho t  slmt. F’ig. 2A I)rcsents tllc correslmndillg
wciglting  functions aud Fig. 2C ~mmlks  the retrieved scatterer profile, j. ‘1’wo distinct  cloud
levels  arc detected:  a SIIN+ll stratosl)llcric  ham atld a Inajor tro])c)s~)ll[:ricclollcl.  Note that  tlkere is
a cloud miuimum  betweell  ?Oaml  801nl)arwllicll  was also olmrved l)y Ilallfie.ld  et al. (1996).

Tile retrieval  algorithln  uses afree])aramctcrl -y, wllicll  controls tllestrellgtll  of tllcsmootlling
of tile vertical retrieval. Iclcally,  -y is chosen suc}l  that t}m retrieved I)rofiles  have a vertical width
comparal)lc  to the weighting functions for the ill])ut  wavelel@lLs. Ihxause  tllc: retrieval rcturlls  a
snlootll I)rofilc  ill ~, sllar~)  cloud lmu~ldarics  result i]] ~legativc  excursio]ls  ill tlw c l o u d  l)rofile. For
exam]) le. the cloud l[lininmul  at 70 80 mt)ar  will have a mgativc  valueof  ~ if? is choscnl  too small.
~~~rt,i~al]},  i~~tegrat~d ~ is ~o*,serv~d,  a~}d  ~ ]arg~]  ~ Wi]]sl])ootll  t}l(:  cloud  ~JIofilefurtlter,  r e d u c i n g

tile Iwak value of f, t)ut  eli~[li~latillg  l]cgativc  excursions. We foutlcl tllai  ~ values 2 3000, served
to I[lillirllizetllcclc)llcl  nlinilnum value wit]l few llegative  excursions in ~.

Tile retrieval uscs Miescattmi~lg  to dctcrl[line tllc~)articlc  extillctioll efficiencies at each wave-
le]l~tll. A particle racliusof l.Opm was assumccl. We]m-formed  thcretricval  over pressures from
1 ml)ar to 4 bar, well at)ovc  and below our weighting function scnlsitivities.

Although we do not usc ~ to calculate o])acit.v, we note that the errors ill ~ are propagated
tllroug]l the iuversioll  using the  e r ro r s  011 tl~e olmerved  s}mctra. For our analysis, tl]e absolute
errol  i]] the value of j is about 0.07 bar- 1. Tile vertical resolutioll of the profile is limited l)y the
weighting functious. Dasecl  01) tile weighting fuxlctiolls  (e.g. Fig. 2A), our vertical resolution is
estimated to be < 50 mbar  betwwm 70-500 ml)ar.  Al)ove this region, our errors may be as large
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as ~zo m})ar, azld ~&w, as IIIUC]l as a w200°  Il]l)als.  F]VCD thollgh  our vertical resolution is ~Joor

iu the stratosphere, the total ~ in tllc up]m atlllos~)l~ere  is lueasured.  WC detect  the stratos])heric
cloud peak at N20 mbar  in Fig 2C, which mprcsents  the upperlnos~ lCVC1 of our sensitivity with our
wavelength set. The true C1OUCI hasc may be higher ill the at mosphem, hut test iug of the retrievals
has shown that the detection at 20 mhar  illcludcs all of the o])acity  at or al)ove  this level  (we note
that Banfield et al. 1996 performed similar tests which arc presented iu their Fig. 8). For this
work, the cloud retrieval was Imformed with the satne set of wavelengths and the same -y factor for
every pixe], so tllc relative values frolu pixel to ])ixel are nlore robust t}lan  these absolute values.

This  method of analysis has several adval~tages. No itlitial cloud positions are assumed. A
cloud profile is calculated for the entire  vertical ralqzy  iuvestigatcd.  The  inversion algorithm is not
time consuming aud may be applied to large datascts,  whic]l  allows illvestigat  iou c]f large areas of
the planet. Coupled with exteusive grouud-based olmrvations  of Jupitm, this mcihocl  results in
the ability to track features on the ]Jlallct  over tiltle. l’llis a])proacll,  however, is also limited to
wavele~lgths with low reflectivity to meet tllc sitlglc-scatterit  l.g criteriou. l)ue  to tile widths  of tile
~,eig]ltillg fllllctiolls,  ~,c arc} Ilot, scllsiti~,e  to vertically  slllall,  discrete  cloud layers. Wlliie IUUCII  111~~

IW learned from this level  of analysis alone, detailed cl)aracterizatiolls  of tile clouds will nave to he
]Jerforuled  with an o])titnizml  multiplo scattcriug  radiative transfer model with robust algorithms
for multiple ~)arametcr space searches. ‘1’IIc  results ~)rcsmlted l~crc luakc cxcellmlt initial mnditious
for such au analysis which will lW ])ursuecl  iu tlm future with this clataset.

4 Cloud Inversion: Interpretation of j

Wc believe that the peaks in the lmofilc  of j (Fig. 2C) are reprcmntativc  of the bottom level  of
both the stratospheric ham at[d the u]q)er tropospheric cloud. As discussed aljove, ~ is a smoothed
version  of the scatterer profile. To il~fcr  tllc truo cloud structure fronl j, W’C conduct a series  of
tests Ilsing tile inversio~l ~nxmxlurc.

First, a model cloud profilo is constructed. Givoi  a slwcific viewing geometry (p,po) and set
of wavelengths, a synthetic s])ectrum is calculated. TlleII, usiug this syntlictic  s~)ectrumj  tlie cloud
inversion is performed iu the exact malltler as witl] real data.  The result is a retrieved profile which
wc call j,,lO~rl. Another spectrum may thcm tm calculated based on .f,,,~~ct. ]ror reaso)lable Itlodel
cloud ~)rofiles,  the slmctra  calculated  from tllc model  clouds  and from ~,,,OM are idcnltical.

Figure  3 presents sonw of these Inodel cloud tests. ‘1’able 11 contaius  tlic ~jaratuetcrs of tllc
model ckmds, where l’~, ]Jb, aIld ‘r reImesent  the ul)l)er kwl, k)wer bel, and ~I)acitY of t~l~ ~l~Lld
rcslmctivcly.  In Fig.  3,  lllodel  clouds  arc dra~rll  ill Id, ~,,lodC~  ill grccll, alld fobs ill vio]~t, M’~1(’L’(!
fo~,s is retrieved frolll  tllc olmrved  data. WC Iwgitl t)y marnillirlg tlm retrieval near nadir view’i~kg
at 2°N’ (similar to tlw profile ill l{’ig. 2A). We choose to test the cloud moclc]s agaiust  data from
2°N, as it is a fairly llolIIogcIlcous  latitude ill tlw NII1.

h40cfel  A is a sim~)le,  statldard  tllree-c]oud ruod(!l:  a tl]ill  stratos})lleric  layer from 10 to 20 nllmrl
all u~)~)er  trolmsp]lcric  CICJLId  from ().25 to 0.65 ~)ar, and a thick lower cloud layer froIu 2 to 4 lmrs,
with relative or)acitics  as s~mcifiwl  i]) ~’al)le 11. As tile inversion is ]mformed  dowII to 4 l)ar, this
lower layer is essentially semi-iufinitc. All cloud Nmlcls have l)eell  norlualimd  to 0.25 I)al- ‘ for the
])url]ose  of dis~)lay. Notice that tllc log ~)rcssurc axis gives tlic illusioxl  of lal gcr verLical cxteut of
clouds in tllc upper atlnos~)hme  than  tllc model actually rq)rescmts. l’lle s~)ecificd  o~)acity ill the
model cloud layers ]Ias 1 mm evenly dist rit)uted over ]messure. The lowest cloud ill the model has
tlw same peak value of f tmause it is distrit)uted  over a larger vertical arm.



We judge the cloud models by the fit Iwtwecn  f,,,o~,l aud .fOb,. It] Figs. 3A through  3C, wc
]mescmt  an ~Ob, profile retrieved from the data at 2°N mar nadir frolu the May 1995 datasct. The
relative opacities of the model cloud layers  were cllose,l)  to estilnat,e  the ~Ob~ ])rofile.  Sillcc we are
vim’ing  ~mar nadir, tllc weigl]ti]lg fu]jct,imls  are not smlsitive  to regions decl)er than tile ]-bar level
(Fig. 2A), and  the retricwed  ]mofiles are not efl’ectcxl ly the lowest cloud lcve].

In all models, tl)c stratospheric cloud layer is o~)tically  thit] with  a l)asc ~)laced  at, 2(I Inl)ar. g’he
st ratosl)heric  ])eak in fobs is at 17 )111 Jar. I+’or cloud model A, ~,,LO&l l)eaks at 16 mbay. Thus, we
consider the peak in the stratcjspheric  cloud, which is ~ 20 mbar  in all of our retrievals, to re~)rescmt
the lower limit,  of the base of the stratos]dmric  layer. We also note that the vertical extent of this
layer is probably larger than depicted itl our cloud models, but as we are not sensitive to this region,
we simply re]mscnt  the stratospheric haze as a tllill  cloud.

For cloud model A, j,llO&l  peaks al)ove  the cmter of the u~)]m tropospheric cloud layer, at 372
mbar.  ‘1’he cloud is optically thick enough that the profile peaks l)efore the Imttom  of the cloud,
and well if t,hc base is raised or lowered slightly the rctricvcd  profile is the same. In this case,
.f,rlO&’l is insensitive to a Cloud  has(l ~)etwre~ll  loug}l]~  450-700” llll~ar. j,lLO&l  is, howev(l,  sellsitiv~  to
t hc cloud top If the model cloud top is lowered, t lle ~)eak of jTllO&l would also lm lowered.

h!lodel R (Fig. 311) demonstrates the xloll-~ltli(~~lcl~css  of j. III this model, the top of tlw cloud
has tmcn 10WUWI  to the 0.35-bar level and the bottom raised to the 0.45 -l>ar level,  but  the opacity
is ilcld constant. .fT,LOM again makes a good match to jobs. For a very thin  cloud, the ~mak in .f,,,OM
would effectively represent the base (and to])) of the cloud.

Cloud lnodel C (Fig. 3C) is ~mrhaps lllore realistic. ‘1’l)e o~)acity falls lillcarly writll  log ~)ressure
and represents a cloud with a strong  base level,  which would be consistent with a main condcllsatiml
k!vel.  ]11 t]lis Case!,  tile peak of .frJ,odC1  is more re~)resclltativc  of the’ i)asc! of llIC layer.  ~Ierc, as ill
cloud model B, the base of the cloud is located at ().45 bar, and because of tllc dccrcasillg o])acity
with hcigjlt, the cloud ‘(to])” may IN: illcreaswl  to 0.25 I)ar, tllc salllc as in nmdel A.

WC llccd nlore information]) to dctcrlnitie  wlliclt  cloud rtwclel  is lnorc accuratf’ for tllesc data. 1’0
do this, wc look at the. limb of the planet.  We present all i[lvcrsioll  Iwar the lilllt)  ill Fig. 4, wlmre
tllc reflectivity is lowr at all wavelcnlgtjlls  and we Illay include 1.58 //111 ill tllc atlalysis. q’lle I’icwiug
geometry is (//) N 0.36 and (110) w 0.16 at 2°N. ‘1’hc ])atds are tlm satin as in Fig. 2. The ol)served
s~mtrunl  a~ld model sl]ectrull~  based 011 jObS are in very good agreement at all wavelcl@hs.  ATotc
tlmt towards tl)c lilnl~,  tile weiglltilig  fullctiox~s  l)cak IIigllcr  in tllc atlllos~)llme  tliall at Iladir because
of tile increased pat]l through tllc atmos~)here, tl[l( W’(! ZH’(! IIOW’  S(?IISitiV(’  to tll(!  atIIIOS~)~lCI(!  1)(!1OW

tllc l-l)ar  level bcca[w 1.58 ILrn has almost no gaseous atmr~)tion;  instead, it is ~)rimarily  efhxtcd
l)y ])articulates  ill tllc atmos~)llmc. Tilmeforc, Fig. 4C illustrates that wc are iil)lc to (Ietect tile
lowm clolld directly wit]~ liml) olmrvatiolls  at 1.58 IIH1. We shall discuss tile lower cloud in I[]ore
detail ill tllc next section. For tile ])ur]mses of these tests, we assullle  that tlLc Iiml)  inversion is
rc])resellt  at ive of t]le salnc cloud structure as tllc tladir inversion because of tile llol[logcllcity  of this
latitude.

We Now contraill  the base of the ul]}wr tropospheric cloud hy fitting the linlb job$ ~)rofilc. ‘1’est
cloud Itmdels  arc cml~)arcd  to the liml)  olmrvat ions ill Figs. 31) through 3F. Figure  31) ~)rmwllts
t}m test for a cloud IImdcl  witli the same cloud locations as model A. The  relative o~)acity of tlm
stratos})hcric haze had tc) be illcrcascd  tm.ausc  of tile lol~gcr ])atll  lengt]l  t h rough  this ul)icluitous
layer.  The  j,TIO&l profik?  dots :Iot matdl fd,. Ilccause of the increa.wxi path length tllrougli the
cloud, ~71LOde/  peaks closer to the top of the ckmd~ as dcscril)cd  al)ov~. t~le ~]OUd to~) CCJUld  IIOt k’

lowcmd in nmdcl A. Tlie standard three-cloud Inode]  does not satisfy tlw data ill this case.
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We a l so  examine  tllc ]jossibility of a very tllill  layer,  as ill lnoclel  B. Figure  3E ~Jrcsellts  tllc
analog to model 1] with the stratospheric o])acity  again illcrcascxl.  111 this case as well, f~l~odcl  does
not agree with  ~ObS; this cloud model dots not match  tllc! data.

In Fig. 3F, we fit a constant opacity c]oud tot]l~job,.  g’l~erecltlircd  clotldbase  is N40011~l)at.
Near the limb, tllc iucrcascd  ~Jatll  throug}l  tile cloud raises the location  of the peak of ~,,LO&[ within
the cloud, which at nadir would peak near the I)asc of the cloud. l{ctricvals of a cloud si]uilar
to  lnodcl C va ry  dq)cnding  on tllc SIO]K:  of the o])acity dccrcasc with  height atld could be USCC1
to ol~taill  au estimate of tlie partic]c  to gas scale }Icigllt ratio (1’T(;SIIIt)  of tl]c cloud. This will
IN invc!stigatcd  ill future work whmc wc will akiocxamim  the cf[cct of ])articlc scattcriug  ~)hasc
functiolw ol\ tile liml)  retrievals. For sinlIJlicity,  WC fit the data wit}l  a slightly tliitlller, collstaut
opacity cloud,

From these tests, WC’ conclude that a rcasollal)lc cloud Inoclcl  witl) a base betwccll 600” and 700
mbar  cannot fit I)oth nadir and liml)  scattcrcr  profiles. A cloud whose base is C1OSCI to 400 mbar
does fit I)otll the limt)  and nadir l)rofilcs. ‘l’llcrcfox’cl  wc illtcr])rct t]le peak in .fObs to ~N C1 OSC to
tllc hasc of tllc UI)I)CX tropospheric cloud. Wililc t IIe absolute value may he off wit hitl  tlw CIIOIS
dcscribcd  ill the previous section, this l)cak value is a good tracer  for tlm I)ase cloud ICVC1.

‘1’hc  lower cloud is ~)roljal)ly ol)tically thick and similar tcstitlg  of this layer SIIC)W that if tile
cloucl  has a constant ol)acity  with height, then tlm I)cak in ./oh.q corres])onds to tllc to]) of t~lc layer.
If the lower cloud has a PTGSIIR< 1, wc arc scllsitivc  to all “dfcctive” cloud to~) and cannot
distinguish it from a constalk  o~)acity cloud.

5 Cloud Inversion: Results

The  cloud inversion aglorithtn  was a]qdicd to bot IL the May 20, 1995,  and April 25, 1996,  data in
regions covmillg  ap])roximately  70° in loxlgitudc t)y 15° in latitude centcxwcl  OH 5°hT. For cacli  pixel,
the ~jrcssurc lCWC1  of tllc ~)cak of tlic stratosl)l]cric.  cloud allcl  trol)c)s~)hcric cloud itl tile fOb, ~)rofilc
is idcu~tificd,  as is the total scattering  o])tical  dc~)tll  for each cloud. The stratos~)hcric C1O U C1 w~as
intqyatcd  down to tllc clolld  miniluunl (w70-80 lnl)ar) and tllc trol)osl)llcric  cloud was intcgratcxl
from tllc cloud miliinlum to 600 llll)ar. ~Tit]l t]lis i!lformatioIl  we }lavc  maI)IxY]  t h e  C1OUCI ])asc’
~)rcssurcs  and relative ol)acii..y  variatim)s fc)r cacll  cloud lCVC1  over tl~c northm!l  Equatorial ZOIIC
(EZ) atld soutlmm  ~)art of the Norttl F;quatorial Ilclt (NNIIs).

l’llc results arc ~)rcsclltcd  iIl I:igs. 5 atld 6. h;acll figure iucludcs a 2.00-11111  atld 4.85-//111  rcfcrcllce
ilna~e. At 2.00 Ilxn, tile oimrvcd radiaticm is ])rilnarily rcflcctd sunlig]]t.  Alt IIoug]l  t lICIY is low
collt rast at 2.00 pm, two small ~)lulnes  arc visit)lc  itl Fig. 5A aucl one latp;e ~)lulnr  ill F ig .  6A.
g’wo IIot s~)ots  arc easily  idcutificd  itl t)otl)  tllc 4.85-pm il[lagcs  ( F i g s .  511 atd 61~) W1lCIIC tllcrmal
radiat ion ])cl)ctratcs t,hrough tllc clouds. qllLC I’F.S ]lot s}mt is tile s~)ot on tllc left ill I;i.g. 513. ‘1’lle
1’1;S ]lot s]mt was just cwcr tllc lim])  ill tlm A])ril 1996 data.  q’i)c  hot s})ot  OJ1 tllc right  ill Fig. .51]
is tllc same l]ot s]mt olI tllc left ill Fig. 611 ~mlmgatcd  tllrougll tit[le as dcscrit)cd ill orLiz ct al.
(]997)  ‘~]lc sl)cctra  ~)lcsclltcd  iIl Figs. ] allc] 2 ~orlcsllCjl)d  to tl,c ~~cak ~~ixcl  at 4.85 ~ln, i~, tllc 1’11S

hot s]wt, which is vimvcd near nadir.
TIIC 2.00 -1~111 data arc rriost scllsit ivc to tile ~)rcdict  cd ammonia clolld  lCVC1, ~)caki!lg  ill reflectivity

w}mr  the o})acity  of the cloud is greatest. q’l)c  retrieved tmposl)heric  cloud o~)acity is sl)own
ill contour ill Figs. 5C and 6C. The correlation between plumes and increased opacity ill the
tro~)m])llcric  cloucl  is vcr,v good. These figures show relative o])acity across the nla]]lml  region.
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~kue opacity values have been calculated using a rtl[llti~jl[~-scattelillg  radiative transfer  moclc] which
will bc discussed in the next section.

A contour plot of the stratoslJhcric  cloud o])acity  is S11OWI1  iu Figs. 5F; aud 6E. Stratos~)}leric
cloud opacity is not expected to corres])ond directly to auy dynamical features in the troposphere.
]n May 1995, the stratos~)heric o~)acity has little  variation iu t,llc equatorial rcgioll  (Fig. 5E). Iu
A~)ril 1996 (Fig. 6E), however, there  is a largc!r  co;ltrast  across tIlc region. The ])mk ol)acity in the
cloud is located at N5°N, the same latitude as tile ]wak o]mcit.y  ill tlic u])l)cr tro~)osl)llcric  cloud.

The tropospheric cloud base is ~)rcscntc!d  ill contour in Irigs. 51) and 61). ‘1’he  cloud base ill the
mapped area ranges from 356 to 457 mbar in l’ig. 51) aud 342 to 404 mbar iu Fig. 61). Note that
the cloud base has the highest elevation at tile salne latitude that the cloud opacity peaks,  W5° N.
At this latitude, the elevation of the cloud base peaks at the 370-ml)ar  level and drops below the
400-mbar  level  at the equator aud NEII. Thin-e is also a fire! cloLId level  structure ill Fig. 51) wlmw
the hot spots have higher cloud ham than  th[! central I)lLIUW aud surrouudins  regions, a difference
of w15 mbar over the plumes, and w30 ml)ar over tlm regio!ls to the north and south  of the hot
s~)ots.  q’hc ~)luulc  ill the center of Fig. 61) covers a larger region than the  IdLImes observed itl
Fig. 51) aud contaius  a larger o~)tical  depth. This prol)aldy accouuts  the similarity between the
ret rimwd cloud bases between the hot spots aud ~)lutnm ill l’ig.  61). Because of the larger optical
de])tb the peak  of the! cloud retrieval may’ not be scmitivc  to the exact base of tlw cloud, but to
slightly above the cloud base level.

The  stratospheric cloud base varies only slightly ill the March 1995 data, l)ctwcen  14 and 20
ml)ar (Fig. 5F). lu the April 1996 data (Fig. (W’),  however, the elcvatiorl  of the base of tliis lay[!r
dmmascs  over the satuc Iatitudc  where there  is all obsmvcd o])acity  increase, near  5@N.

~on~~)aring  hot sljots with plumes directly, a cloud i]lvcrsion  over the prcmcxlitlg  I)lLIUIC  ])cak is
shown ill Figure  2C with the PES  not sl)ot cloud ])rofilc. It is clear that at these l)rcssure levels,
IIot spots aud plumes are very similar, with only slight differences  iu cloud opacities ald pressure
l(!VCIS.

lU the example  retrieval slIowI~ iu Fig. 213, a model sl~cctrum  is calculate] I)ased 011 tile retrieved
scatterer profilcl  jOb.,.  Tllc b[!st  fit bckwc!ml tllc model spectrum and tllc data occurs Iwtwrcml  2.00
aud 2.14 ~Lm, wavelengths wllicll  arc Inost sculsitivc  to ~mcssure lCVCIS between] ().1 and 1 tmr, w’llcrc
the up])er tropospheric cloud is located. The synthetic s~mtruul  has a ])oor fit to tile 1.75, 1.79
and 2.27 pnl  data, itldicating  that tile jO~S ~)rofilc  2100  l~lt)ar  is im~)erfect.  aud, ~)crlla~)s,  overly
smoothed. When  cxaminil~g tllcse  wavclmlgtlls  alouc,  all increased opacity just al Jove tllc 100-mbar
level  is required to fit the data. The  small distiuct  cloud at 0.15 I)ar iuferred from the Cjalilco  NIAIS
real-time spectra (lrwiu  et al. 1997) may ]movidc a better fit to t lWSC wavelengths, or tl)c 400-ll~l)ar
cloud may simp]y extend LIP to the tro]mpause.

AUIOIlg  the wavelengths in our data set, refkxted  suulight  penetrates deepest into the Jovian
atmosr)l]ere at wavelcmgths c)f 1.58 and 1.85 11111. ItI fact, at 1.58 pm, the atmlos~)lmc  has almost
no gaseous opacity. ‘Ilese images arc visually different frolll  the wavelcmgths Inost sensitive to the
400-mbar cloud (2.00 2.14 Ilm): the data have higher contrast between hot spots and Idutucs and
the lc)cations of the minima aud maxima of the hot s~mts  and plumes are s]ip;htly  diffcmmt,  as sewn
in Fig. 7. I’lle im])licatioll  of this is that there is amtlm cloLld level below tllc l-l)ar  level  but
al)ovc  the bottom of the 1.85 Im weight illg function, mar 2-3 bar. This C1OUCI has shar]m aud filler
features than the 400-mbar cloud aud appears to have a stronger distinction lmt wcm hot spots aud
ihOiL’  SUrrOUtldiUg regions. This cloud is probably optically thick, as 1.58-plu  data have very high
reflectivity values, requiring a strongly reficcti!lg  layer.



As the 1.58-~Lm reflectivity is too high to a])l)ly the sil@e-scattering  cloud inversion at nadir,
wc pcrforlned  the calculation toward the liml),  over the I}orthcm EZ and the hTEIls,  usil~g all the
Imvious data and ac]diug  data at 1.58 ald 1.85 ILIII. The  retrieved jo~, includes a detection of a
]owcr cloud, shc)wn  it) Fig. 4. If the cloud is optically thick, as expected, the lwak iu ~Ob, is located
near  the top of the cloud. Note how well tile model s~mctrulll  agrees v’itll  tile olmrvcxl s~)ectrum
ill Fig. 41].

In Fig. 8, we present  the lower cloud rctricwal  along a lnmidional  cut near tllc lilul)  (through the
same poitit presented in Fig. 4). Figure  8A l)lots  t]le peak iu ~Ob~ of t]lc!  lower c]oud  VS. latitude.
Figure  811 presents the relative opacity of this layc!r,  found by iutcgratiug  .fo~s from the cloud miuima
l)elow the upper tropospheric cloud down to tile 4 bar  level. TIIe efk’ctive top of this lower layer is
higher iu the NEH than the EZ. ‘J’llerelativc o])acity of this Iaycr l)eaks at the equator, decreases
at 5°N, and rises agaiu in the NEB. Performing the ilwersioll  over a largc!r regiwi mar the limb,
wc find that the effective top of the lower cloud varies Imtwmm 1.5 aud 3.0 tmr iu thcm  data. At
this time, we cannot  say much more almut  this lower cloud and will itlvcstigatc  its ~mqwrties in
tll[:fllttlrcl  lsillgl  llultilJle-scatterillgra  (liativetrallsfc:1  models. I]ccausc tllc data are near  tllcliml),
it is not, ~)ossiblc at this time tc) correlate tile cloud level differences to any visil)le features. It is
~)ossit)le  that this lower cloud detection lna,y  corres~)ollcl  to tllc 1.34-lllljar  cloud detected  t)y tile
])r[)l)eNcl)Ilclc)l~\ctcr  (sm Ragcmt  ct at. 1997).

Illsummary,we  have d e t e c t e d  tlireeltlajor clo~lcl levclsill  tllc Jovian  ll~)})cr atlllos])llerc:  o\'ertllc
llortllcrll  EZallcl  NEIlsregioll:  (l)atllitl stratosl)l}c!ric  })azewitll al)ascxlear c)ral)o\~e 2Ol~ll)ar,  (2)
all upper  tropos])heric  cloud with a base mar 400 mbar,  alld (3) a lower tro~x)splleric  cloud wlmse
tol) rallgcs lmtwmnl  1.5-3 I)ar. There is almut  a 10% cliffermcw lmtwccnl tllc ul)per trol)osplleric
cloud o~~acity l~etwwcm  hot sl)ots  aud ])lullles,  as well as a small elevatiol]  challgc  i]~ the base of this
cloud over hot, spots relative to p]umcs. l’llc ll~)l)er  trc)l)os~)llcric  cloll(l  o])ac.ity  aud base elevation
~waksat  w5”N, [iecreasillgillr~~)acit.y  and altitudctowatd  bot,ht]le  equator  and NhjI1.

6 Cloud Opacities

We investigate tlw a}mlute o])acity  of the upI)cr cloud layers with a ltllllti~)le-scatteritlg  radiative
transfer Iuodc] (based ou the model presented in Bainm and Ibwgstralll 1986) iucludi]lg  112-112,
112-Hc “tc)llti~!lllllll”  gaseous o~)acity (Birllt)aum cl al. 1996), and  CHI aud NTHs gaseous o])acity
usi]lg  t l]e lnetllod  of correlated-k (Stroug  ct al. 1993, lrwill ct fL1. 1996,  aud lrwill. uu~)ui)lislmd
NTH3 data). I.Jsitlg the cloud llrofilc iufcrrcd from t}lc single scatteri~lg  iuvcrsion.  wc fit tlL[! opacity
of tllc u])~mr two cloud layers by a two-lmint fit o)~ t}le  disk. WC assullw  tilat tllc to]) of tile u~)~wr
tm]ms})llcric  cloud is located near 200 lulmr. ‘1’}lis is consistent with tile cloud Inoclel  tests we
~)rt!setltcd  in section 4 aud work do)le l)y Chauovm ct al. (1997). We used Tomasko c~ al.’s (1978)
two-t erl[l Ilellyey-C;recIlstcitl  ~lllasc  fullct  ions for t lIc red S1’}1111  for t IIc fit t o t }Ie cloilds al)ovc hot
sl)ots,  The model it~lmt ~)aranletcrs  at~d ol)acity  fits are prcscntwl ill Ta}dc 111. The o~)tical  dcl)th
of tllc u])per tropos])lwric cloud is very low ili tlic A’11{. 11’c also conducted fits to tile data for tile
si]lg]c scattmitl~  alt)edo,  w-o, in hot spots am] I)lumm. Wc fit values of 0.98 0.99 for I)lIIUWS, atld
().92- [).{~~ for llot sl)ots,  colIsistel[t  wit~l t]lc resu]ts of ~llallover et al. ( 19!)7).

Our cloud profile is summarized iu l’al)le  IV wllcre  we prcscllt  o])acitics  at 2 I1lU tllrougilout,  the
cc]uatorial  regiou  relative to the o])acity of the up])er  tro~msphmic  cloud over hot slx)ts,  T~lS.  N’ote
that  the al)solutc error on the upper  tro])os~)lmric  cloud base is ouly f50 ml~ar. The relative values
of t lw cloud bases tmtwem adjacent regions is mm robust thau t lle absolut c errors. Ilccause the
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siugle-scattering techuique  limited our study of tllc lowest cloud level  to the re~ion near the limb,
wc have no information about the diffcrellccs  ill tl]is cloud level  at, hot spots and lJlu]nes.

‘7 Discussion

Onc of the goals of tllcse atlalyscs is to provide a context for the results of the Galileo probe.
The  probe Mass Spectrometer measured strong de])letiom iu volatiles relative to solar abuudauces
(Niemauu  et al. 1996) which has led to a pro~)osed  local dynamical explanatiorl,  a “dry downdraft”,
iustcad  of global depletion. If the u~)~m tro~)os~)lleric  cloud detected ill this study  is, iudecd,  the
main  ammonia cloud, then  the location of the base of this cloud is IIigllcr  than the 600- to 700-mbar
pressure level base consistent with a solar mixiug ratio. For the maiu ammonia cloud condensation
level  to be N400 mbar,  the ammonia mixiug ratio would have to be N6.0xIO--G, ouly 3% of the
solar value.

A low aumouia mixiug latio over hot slmts is consistent with other  iuvcstigatious.  The  net
flux radiometer data im]dy  low NH3 atmudaucc  almvc the ]-bar level  (Sromovsky ct al. 1997).
Folkuer aud Woo (1997) measured  tllc N113 at)utldauce with  depth usiug mbitcr observations of
the attcmuatiou  of the prc)bc signal  strength. l’l)c l’rol)e sigllal strmlgtli  data are consistent with
a lcnv N113 almudauce  al)ove  the l-l)ar  pressure level, hut, the al)uudauce  rises ra~)idly  to several
times solar by the 3- tc) 4-bar level.

Acmrditlg  to our data, tile ])rolw entry  region ulay l~ot  be ulliquc. Tlw entire  equatorial aud
NE13s region is covcrcd by au u~)~wr tro~msphmic  cloud W11OSC  l)asc  only varies  bctwmm -350 aud
460 ml)ar, iln])lyiug  all amltlonia nlixit)g ratio of < 15% solar througlIout  the retire regiou if the
cloud base is at the condensation level.  If the tcrrl])clatl~l[:-])rcssurc  profile is the same over hot
spots as over their surrouuditlg  regiol]s, tile elevation of tl]e C1OUC1 t)asc  would tllc!ll  he a signature of
further ISH3 clepletion  within the hot, s})ot.  Thermal mcasummcnts  try the Galileo l’hoto])olatimcter
I{adio]llcter mperilnctlt  (OrioIL ct al. 1 997a)  as well as ground- ljased ~nmsurmncnlts  (Ortoll  ct al.
19971)) show no tcm]mraturc  variation over hot, s]mts.  out data also iul])ly  that, the entire  northern
equa to r i a l  mm is dc~)lctcxl itl NT113 relativt!  to the equator atld NT EIIS. Collard et al.’s  (1997)
a~lalysis  of gmuml-t)ascd  spectra iudicate.s  a del)lctio]l  relative to solar of water valmr ill tllc mtirc
equatorial region, not just ill bright 5-~~111 regions. Their  work sul)l)orts OUI iull)licatioll  that the
ellt ire equatorial region  may tm de~)letcd  ill volatiles.  g’herefore,  if tile uj)l)er trol)osl)lleric cloud is
the main ammonia cloud at the comlcmatioll  ICXW1, atl extremely dry local downdraft ex~)lanation
is no! mxessary  for hot spots.

Evidence  in su]q)ort of a downdraft is cloud-tracking data try Vasavada cl al. (1997). Wiud
vectors nave l)ecn calculated usitlg Galileo SS1 itna.y!s  for cloud features adjacent to a not s])ot
al]d fouucl that there a])])ears  to be couv[!rgmcc  over tllc l]ot sl)ot Tvith cloud matf!rial travclitlg
Ilort,llcast  from the equator toward the hot spot. l’hcse data may also be interpreted. howcverl as
I)art of a set of allti-cyclonic vortices quasi-cwellly  s})aced  arouucl tile equator which was suggested
})y IIeelw (personal colnulullicat ion) 011 tllc l)asis  of Voyager illlagilg  data. There  would tlml bc
rcgiolls  of shear betwecm  tile vortices aud tile NT I’;II, resultiug  iu depleted cloud o~)acity.  rather
thau auy type of self-contaimd  dynamical feature. TIlis  Inc’cllatlism,  ]mvcvcr, clocs not cx]jlaitl  the
decreased volatile atmudaucesj  assumiug that  they are local to hot slmts. Also, Vasavada ct al.
and ~)rcvious earth-based imagitig  }Iavc lwezl able to track clouds on only om half of this prcq)oscd
cyclonic  system.

A]) alternative il]terlnwtatiol~  of our data is that tile cloud base is Ilot coutrolkxl t)y tllc local
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condensation level, but by a dynamical Illec}lauisln.  It is ~Jossit}le  that some uuknown  dyllamica]
Inccllanism results ill a cloud base mar 4(NI mtjar. our data ate iuccmsistmt  with large-scale
upwelling in the equatorial zone (Gimascll et al. 1986) if the deep alnmonia  abundance is near or
greater than the solar abundance (as i~ldicated hy Folkmr  a~ld Woo 1997). We plal] tc) ~~erform
similar analyses on regions at +30° latitude w]lere u]nvcllil}g  is also ex~mcted. Ilecausc  of the spatial
resolutiol[,  we arc Ilot atde to track cloud features with our data aud cauuot  i[lfer  all-v lnorc al}out
ttle large scale, motion in this region.

We can examine the local dynamics oll a small scale ty studying  the differellc(!  ill elevation
of hot s~)ots  relative to their  surrouudiugs. Stlowltlall (lwrsonal colll~l~llllicatioll)  suggests that, if
the particles are small euough, they will act as tracers of the air lnotion. our data im]dies  that
that the air moves ulm]ard  as it is mixed or advectecl over not s~mts. Ilecause  Ju])itcr’s  radiative
timeconstant  islon~, this mixecl air]mot)ahl  yfollmvs isopycnals, or stlrEacesofcC)llstallt ~)otential
density. A l)arcel  ofairl~lovillg  fl'ol!~c)ll[:  stal)lt!  c{)lllil~ll  tc)atlotllc:r  would maiutaill  itspositio~iof
neutral buoyaucy  I)y followiug  iso~)ycnals.  If the Imrccl Iliovm illto a regic)ri  of .gmatcr  density  than
the parcel will rise, and vice versa. So, ij the cloud l)ase can Iw used as a ]wox~’  for tliis motion,
it suggests that isopycnals t)ow uI)ward  over liot s~mts, imj)lyil]g  that }lot  s]mts arc dmLse7  t]lau
their surrouudingsat  this pressure  (Showmatl and ]ngersoll  1997). ‘his agrees with Simmlauaud
lngersoll’s favored interpretation of the (;alileol)r{)t)[:w’illcl  measumnents.

WC Imw estimate the plausit)i]ityof  cloud ~)articlcs  actiug  as tracers c)f tllc flow. III our data,
tlm cloud base elevation over hot, s~)ots is located at the ~370-ml)ar  level vs. w400 m})ar for the
sllrro~llldi~lgregiol~s.  This corres])ouds to atl altit~lclediff[:rcl~cec)f  only W2 km. S~)herical  ~)atticles,
wit]L dcllsity,  PI,, and radius, a, ulldcrgoiug Stokes dra~, would fall a distatlcc,

d = 2’;;2L ,
in time, -f, in a nlwtium wittl gravity, g, a~ld dylmulic  viscosity, 7). For mixiug along isopycnals to
tm a feasit)le explanation for the diflerenc~!  in cloud elevation, the ])articlcs Illust fall suljstantia]ly
less tllatl 2 km over the time it takes them to tw lIlixed  over the hot, s~)ot. This timcmale  is poorly
known. IIot spots are c)bscrvcd to change appeara~m on the order of weeks ill 5-pm iluagcs  (Ortou
et al. 19971)). For the pur~)oscs  of this calculation, wc C11OOSC a mean ti~llmcalc of ~20  days. lJsillg
tllc dmlsity of ice, PI, WI 000 kg/m 3, dynamic viscosity of hydrogen at -125” C, q ~ 5x1(1-G Pa-s, we

find that particles ~ 0.75 )LII1 fall lCSS thatl 1 kill over 20 days. ‘1’his is cousistcmt  wittl I)rcvious
f:sti]natm of t)le ~)article  si7Jc of this ul)~)cr cloud layer (West et al. 1986). Tllcrefore.  if ~)articles
are a fraction of a Iuicron  or less ixl radius, mixing aloug iso~)ycnals provickx a ~)lausil)le m[!chauism
for tile olmrvcd elcvat ion of the cloud t)asc over not sl)ots.

]n terms of the long-rallgc context of the cloud structure at the Galileo PES,  the retrieved cloud
])rofilcs  arc not significantly diffcrcl~t t)ctwcm] early 1995 aud 1996. Tile 1995 data were ol)taimd
stlortly tmforc t llc Pk5S IIot s~]ot  was observed to sl]lit  i~lto two ~)icces  (ortoll  ct al. 1997t)). Tllc not
s])ot that, is tracked iu both sets of dat a is r[lo]l)llc)logically  clift’erent  ill the two qmchs.  Ill hflay 1995,
the hot slmt, 011 the right in Fig. 5]), is cxtmldcd and has two distiuct  Scctiolls  which is more easily
semi ill the corrcs])onding 1.58-ILm image ill Fig. 7A. III A]wil 1996, tllc same ]Iot  slmt tracked over
time, is a single brigtlt  feature, oIl t}le  left ill Fig. 613. We llc)te  ttlat the u~)~~er trol)os~)lleric  cloud
structure ovc!r this hot s])ot is very siulilar in the two e])ochs,  seemingly u]]relatcd  to its changed
morphological appcarauce.  The silnilarity  ill the upper  cloud level over the entire equatorial rcgioxl,
cou~)led  with the nlorc variat)lc  al)~marauce of tllc 10WW cloud level (Fig. 7A), suggests that the
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characteristics of the lower cloud level could hc tllc Controllit)g  factor ill the appearatm  of 5-pltl
hot spots. Although there  is the lmssit)ility  of a Iargc ~)article  com~)oncnt itl this U1)lWI trolmsl)heric
layer (Car]son  et al. 1993), which would effect tllc 5 ~~ln radiation, these data suggest that this
cloud layer is optically thiu  iu the NIR aud not the major source of atmospheric opacity. West et
al. (1986) have previously suggested the ilu]mrtallcc  of tile lower cloud layer in relation to 5-ILm
hot spots aud stressed its iuhomogeneity;  this work corroborates their hypothesis.

The  visible data remain  to bc rccoliciled  with the NIR results. ~hanover  et al. (1997) fit limb-
to-limb observations of plumes aud hot spots with Hubblc  Space q’elcsco~m data and find that the
the upper tropospheric cloud has significant opacity, with all optical dcptli  of AJ7 at 900 l~m. They
a..sumcd a 700-nd~ar base for the u~q)er tro~)ospheric  cloud, to which their two-wavelength fit (893
and 955 nm) is not strongly sensitive. At these wavelcl@lw, raising  the base lCVC!l of the cloud will
decrease the required optical depth. Recent work I)y Bauficld d al. (1997b) usiug SS1 data have
found similar cloud base levels for the u]qm tropospheric cloud as prescmtccl  here. They  require
an optical depth of N3 at 756 nm. The  o])acity vs. wave]cllgtll  dc])endence is steel),  drol)ping  to
WO.5 at 1.75 pm. This opacity fuuction  cannot  Iw fit with Mie ])articlcs with ammonia indices of
refraction.

8 Conclusions

We present the direct detection of thrm cloud layers i~] the u~q)cr atmosphere iu the northern
equatorial region aud NEIIs: a hazy stratosplmric  layer at z20 mt)ar, au up]m tropospheric cloud
with a base that  varies between 35[)-460 ~nt)ar,  and a lower tro~]osl)heric  cloud whose to~) varies
lmtween  N].5  aud 3.0 I)ar. If tile u]q)er trolmslJllcric  cloud is the mai]l  atumonia  condensat ion
cloud, then  the base of the cloud iml)lics a colldmlsation level consist,ellt  with a mixitlg ratio for
ammonia of only 3% of tllc solar atmndauce  ill tile u])lm atlnos])hcre.

111 our analysis, wc nlakc I)o assulnl)tiolls almut tl)c vertical C1OUCI strllcturc  aILd wc demonstrate
that a siu.glc  vimving at~gle can yield non-ulliquc r~!sults.  We find tl}at a cloud wit]l a 600- to 700-
ml)ar I)asc does not fit our data at both Iladir and the liml).  I’rwious  cloud studies t]lat Ilav[!
assuuled  an u~)pe.r  tro~)osl)heric  cloud base hetw~!cu  600 ald 700 ml)ars sl]ou]d })c motivated to
reconsider their studies with the new cloud lmse  ])rmentcd IIere. While tll[!ir ~)articular stucly was
limited ill wavelength tile method  of Chauovm CL al. (1997), where liult)-to-litul)  data arc fit, is a
rigorous a])proacl).  WI]CIJ more wavelengths arc co~lsidcred,  this a~)])roacll  will restrict even further
tllc mmd)er of ]mssiblc  cloud structures. We ~)lall to ~)ursue a silnilar study with tliis clataset.

At our spatial resolution we fiud that the up~)cr tropospheric cloud structure over hot sl)ots
aud I)lumcs  is very similar, with only slight differences ill opacity (N IO%) aud cloud base pressure
level  (Al’ ~20  Inbar). This cloucl  layer is cq)tically  thin  iu the NTIR with all o])tical  depth  of -0.5
at 211m over not s~)c)ts. The  lmm cloud lCVCJ aljlwars more heterogeneous aud contains sharper
contrasts  betwcell hot sl)ots  aucl ])lumes. We will coutitlue to study this lower clollcl  layer with
multiple scattmillg  models, illcorporatiug  the results ])rescnted  here as initial parameters.

II] the context  of the Galileo I’robe data, wc su~)~)ort dc~)lctioll  of amluoxlia ill tllc ul)lmr  at-
lllc)s~)llerc  over IIot sl)ots. We sug.gcst  that tile e.~ltire equatorial region ]nay 1)(’ depleted. We also
expect that the ammonia cloud level was ]ml)at)ly  out of the reach of the probe iustrummts  which
did not bcgiu obtainitlg  data uutil N400 ]llbar.

l’he grouud-tmed  data presented here aud similar datascts  contaiu  useful illforlt~ation  for the
interpretation of tlie Galileo obscrvatiol]s. Whole-disk covcragc  atld tile al)ility  to track features over
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time provide context for the limited spamcraft  observations. Wc encourage the Galileo instruulent
teams to supplement their  data with eartll-l)ascd  observations to increase their spatial, tem~)oral,
aud wavelength coverage during their data aualyses.
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Table I: Observations—.——
May 20, 19nAp1~l 25, 1996 “’”
11:00-11:20 UT 16:20-16:33  UT
1.58 ~1111 1.58 pill
1.75 1.75
1.788 1.79
1.85 1.85
2.00 2.00
2.04 2.03
2.07 2.07
2.10 2.10
2.14 2.14
2.27 2.27
3.80 3.’s0
3.986 3.986
4.55 *

4.85 4.85
5.05 5.05
5.30 5.30
* Jupit,cr was Iiot c)bservcxl at 4.55 ~fn~ on this elate.

Table II: Model Cloud Parameters

Strat.
lJ . q’rOI)O.

L. TIX)])O.

Strat.
IJ. ~’rO~)O.

I,. q’rO1)O.

Pf P~ T Pf P~ ‘r— . .
A

r--

11

.01 .02 .00571 .01 .02 .oo~71

.25 .65 TI .35 .45 ‘r]

2.0 4.0
+

hT~ 2.() 4.0 57]
—.—

1) I-;

.01 .02

1

.02~I-2  . 0 1 . 0 2  .025T2

.25 .65 .35 .45 T2

2.0 4.0 5: 2.0 4.0 572

l’t l’~ T

c
.01 . 0 2  .005TI
.25 .45 T]

2.0 4.0 5T1——
F

.01 .02 .042T3
.175 . 4 0 7 3

2.0 4.0 3.373—

Table III: Cloud Opacities
Inl)ut Model Cloud Parameters .-

r’t r’~ ‘rz~[~~  Q

‘Strat,. r- 0.01 — —0 . 0 2  – 0.01 0.95. . . . .

Lu. qkopo. 0.20 0.40 0.50 0.95

L. TrO])O. 2.00 4.00 10.0 0.99
——_ _ _——

Fit (;1ouc1 O1)aci~ies  for Hc)t Spots
—

A (/1111) TU1)J,PT -  tropo Tstro/
—.

r

— .

1.75 0.50 +0.07 0.010 +0.03
2.00 0.46 +0.01 0.012 +0.03

2.14 0.15 +.0.01 0.015 +0.03—— ~——.—.
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Table IV: Summary of Retrieved Cloud Properties
Strat. LJ. TI’01)0. L. Tropo.

~’b Pt
NEIIs ~pm:o*”o.2(i25  -  0 . 4 % 4 5  0.(,,, / ‘–  ‘1.5-2.0 >ml

* We are Ilot  able to detect the lowest trolJoslJILeric  cloud directly below hot s~)ots  allcl plumes
because the information about  this cloud level is obtaillcd  from linll)  retrievals.

FIGIJRE  CAI’TIONS

Figure  1: The brightest pixel iu 4.85 pm of the 1’12S hot s~)ot  011 May 20, 1995,  conl])ared to the
NIMS G1 real-time s~)ectrutll which is I)riglltest  at 5 j~ul.  Our data agree very well thrcmghout
the NIR aud diverge arouud  5 pm only lmause tlw NIh4S data are not of a 5-PHI hot s~mt, but
a 5-~lUl “warm”  region. The ~nececdillg ])lUIUC  is colll])arccl  to tile I’ES not s~)ot. Note that the
al)solute difference is slight itl the NIR, ox) the order of 10(%, but varies drastically around 5 pm.
The geometry is (p) N 0.95, ()~o) w 0.96, for the hot spot, atld (p) w 0.98, (PO) w 0.985, for the
plume.

Figure  2:
For the P13S hot SI)OL data shown iu Fig. 1, wc ~)resent atl exaulple cloud retrieval: (A) The
wciglltillg  functions for wavelcugths used itl tile sit@c scattering itlversioll  llcar nadir vicwi~lg.  (B)
Tl]e ixl~)ut  s])ectral data ancl nlodel s~wctrutt]  tmsed 011 tllc retrieved cloud ]nofile  ill C. (C) Tlie
retrieved cloud profile for the hot, s~)ot  aud a comparison profile of the preceediu.g plutue, saulc data
as S}1OW1I iu Fi~ure 1.

Figure 3:
(;1ouc1 nloclcl  tests to deulonstrate  the lloll-lllliclllell[:ss  of tile retrieved  scatterer lm)file. Time test
sllowr  that a cloud n~odel  with tmse  400-700” Iul)ar calltlot  fit I)otll  retrieved ~)rofiles  Ilcar lmdir
(A-C) and near the lilub (1)-F), hut that a cloud Imse closer to w400 I[lt)ar call. l’ilcrefore. t h e
peak iu ~ of the up~m  tropos[)hmic cloud is rq)rcscutativc  of tile cloud base. Refer to tllc text aud
Tal)lc 11 for a full exj)la~latio~l  of each cloud IIIodcl. TIIe red liue is tllc cloud Iuoclcl, tllc grecu litle
the j,,)odel  profile, aud the viol~~t lillc)  tll~ j~~, profile

Irigurc 4:
%IIKI as Figure  2 t)ut for a })oiut near t]w liml) at 2°N and (p) N 0.36 and  (P O) w 0.16. q’lw cloud
~)mfile  sl)owrs  a clirect  dctectiolL  of a lower tro]ms])llcric  cloud. TIIC IIlodcl  s~)ectrul]l  agrees \rery well
with tile ot)served  s~)ectrutu.

Figure 5:
Siuglc-scattering  cloud iuvcrsiol~ results for May 20, 1995. See the text for a full ex~)lauat  ion of the
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figure.

Figurc6:
Single-scatterilIg  cloud inversion results for April 25, 1996. See the text for a full cxl)latlation  of
the figure.

F’igure 7:
Comparison of 1.58 and 2.00 ~ml images. 1.58 pn~ data is sensitive to nluch lower in the atmosphere
that) the lll>])elt rol)osl)llcricc  loucl prcssurelcvcl  where the 2.00 pul data is nlost sensitive. These
inlages imply that the lower cloud has nlore dynau]ic  features than the upper tropospheric cloud.

l’igure 8:
TIIC lower cloud level  as a function of latitude fm OIIC longitude near tllc litnt).  (A) presents the
effective cloud top vs. latitude and (B), the relative C1OUC1 opacity.
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